The visual system is able to infer three-dimensional (3D) shape from the surface shading-gradient of objects. Using Global Dot Motion (GDM) stimuli, we investigated the influence of shape from shading on the perception of coherent local and global motion. In Experiment 1, we report that the visual system is unable to detect the local motion of dots that undergo a change in 3D shape (convex to concave shape) from frame to frame. For this condition, GDM detection thresholds were approximately four times higher than when dots do not change shape. However, when shaded dots were perceptually two-dimensional (as with bipartite and horizontally shaded dots) GDM the visual system was able to detect the global motion regardless of a change in shading direction. Finally in Experiment 3, we demonstrated that the addition of noise dots interferes with the detection of global motion only when they have same 3D shape as signal dots. GDM detection thresholds were unaffected if additional noise dots were of the opposite 3D shape. The findings of the present study demonstrate that 3D shape from shading information impacts of GDM detection, particularly, that this depth form-cue is used as a basis for independent motion analysis at both local and global levels of processing.
Introduction
It is now well established that the visual system is able to derive three-dimensional (3D) shape from the surface shading gradients of objects (e.g., Brewster, 1826; Kleffner & Ramachandran, 1992; Ramachandran, 1988a Ramachandran, , 1988b . In a classic demonstration, Ramachandran (1988a Ramachandran ( , 1988b showed that 2D circular tokens will appear 3D, and either convex or concave depending on the direction of the shading-gradient. Assuming the putative 'lightfrom-above' default (e.g., Adams, 2007) , circular tokens with light-dark shading are interpreted as being 'convex' and raised from the background, while tokens with the opposite dark-light shading appear 'concave' in shape (Fig. 1A , see also Kleffner & Ramachandran, 1992) . Studies examining visual search have shown that different 3D shapes-from-shading are processed independently, with search being efficient when there is incongruence in the shading direction (and therefore perceptually different 3D shapes) with reaction times not dependent on set size (e.g., Adams, 2007; Kleffner & Ramachandran, 1992; Sun & Perona, 1998; Treisman & Gormican, 1988; Wolfe, 2007) . These findings suggest that the visual system processes different 3D shapes implied by the direction of shading via different mechanisms, and that this shading information acts as a pre-attentive cue from which local visual information is initially identified and segregated.
While visual search studies have shown that shape-from-shading information is used to identify local features, it is not yet clear whether and how this process influences the operations responsible for pattern detection where structure is defined by different visual attributes (such as form and motion). Operations such as these reflect analysis beyond local feature detection and typically require extended pooling of information from a large visual area. Previous research has shown that the visual system divides aspects of the visual scene and processes them via different operations. This division is typically conceptualised as being between the form (i.e., spatial layout and shape) and motion (speed and direction) structure of objects. A distinction between form and motion processing is well supported by both anatomical and physiological data showing that cortical areas in the visual cortex are arranged into largely separate functional systems dedicated to the analysis of information along the lines of these visual attributes (see e.g., Felleman & Van Essen, 1991; Tootell et al., 1995; c.f. Lennie, 1998) . These data are corroborated by evidence of double dissociations in the perception of form and motion as a result of local brain area lesioning (Goodale & Milner, 1992; Ungerleider & Mishkin, 1982; Zihl, von Cramon, & Mai, 1983) , and are well understood (e.g., Adelson & Bergen, 1985; Adelson & Movshon, 1982; Marr, 1983; Wilson, Ferrera, & Yo, 1992; Wilson & Wilkinson, 1998) . What remains unclear though, is how 3D shape-from-shading information influences the relative processing of form and motion.
Recently, Khuu, Moreland, and Phu (2011) began to address this issue by investigating the relative importance of shape-from-shading to the perception of form structure. Previous research had established that the analysis of form follows a two-stage process: local orientations are extracted in the first stage, and then in the second stage pooled, with local features combined to detect global structure (e.g., Badcock, Cifford, & Khuu, 2005; Khuu & Hayes, 2005; Wilson & Wilkinson, 1998) . This computation requires analysis at different cortical levels. Local orientations are extracted in V1 and/or V2, and global form is processed in cortical areas that project ventrally from V1, such as areas V3 and V4, where detectors are tuned to complex structures such radial and concentric patterns (Gallant et al., 1996; Smith, Bair, & Movshon, 2002) . Using Glass-patterns (random dot patterns that convey form structure through the appropriate placement of a number of 3D shaped oriented dot-pairs or dipoles, see Badcock, Cifford, & Khuu, 2005; Glass, 1969; Khuu & Hayes, 2005) , Khuu et al. made two observations. First, partner dots (forming an oriented dipole) that convey different 3D shapes are not effectively paired to recover the local orientation of dipoles. This finding indicates that, at the local stage of form analysis, different 3D shapes are not combined to extract local orientation. That is, they appear to be processed by separate mechanisms. Second, the ability to detect global form in Glass patterns (conveyed by signal dipoles of a particular 3D shape) is impaired by the addition of noise dipoles regardless of whether they are the same or different 3D shape to signal dipoles. This indicates that, at the global stage of form analysis, the visual system combines different oriented 3D dipoles to detect Glass structure. Together these findings show that shape-from-shading information affects the ability to detect form structure: 3D shapes are processed separately at local levels of processing before they are combined at later global stages of analysis.
While the findings of Khuu et al. are a first step towards some understanding of the influence of shape-from-shading to the perception of form, little is known about whether the visual system applies a similar analysis to perception of image motion. Analogous to the analysis of form, motion processing follows a two-stage computation, with local motion first extracted and then integrated to detect more complex motion patterns such as optic flow (e.g., Badcock & Khuu, 2001; Burr, Morrone, & Vaina, 1998; Duffy & Wurtz, 1991; Khuu & Badcock, 2002; Smith, Snowden, & Milne, 1994) and biological motion (e.g., Grossman et al., 2000) . The computation of motion has been shown to occur in dorsally located cortical areas, with the processing of local motion occurring in V1 or V2 before information is projected to higher cortical areas such as Middle Temporal (MT) and Medial Superior Temporal (MST) area (Albright, 1993; Duffy & Wurtz, 1991; Felleman & Van Essen, 1991; Huk, Dougherty, & Heeger, 2002; Tootell et al., 1995) , wherein cells have large receptive fields that are sensitive to global motion. Using a similar approach to Khuu et al., we sought in the present study to investigate how 3D shape from shading information influences the perception of motion at both the local and global stages of analysis. In particular, we were interested in whether the visual system is able to combine (or segregate) the motion of different 3D shapes where 3D shape is implied only from shading direction.
In addition to the aforementioned anatomical differences, previous research have also shown that the processing of form and motion information can be very different, particularly in their treatment of local information defined by different visual attributes. For example, previous research has shown that, in the perception of global form and motion, different computational rules are applied when combining local information defined by luminance polarity (see Badcock, Cifford, & Khuu, 2005; Edwards & Badcock, 1994 Badcock et al., 2005; Edwards & Badcock, 1998) spatial scale (Bex & Dakin, 2002; Dakin & Bex, 2001; Hess & Aaen-Stockdale, 2008 ) and colour (Cardinal & Kiper, 2003; Edwards & Badcock, 1996; Mandelli & Kiper, 2005; Michna & Mullen, 2008 ) (see Section 8). Moreover, while previous research has shown that form and motion information influences each other's perception, recently using moving Glass patterns consisting of moving oriented dot-pairs or dipoles Or, Khuu, and Hayes (2010) have shown that the manner in which they interact with each other is very different. Particularly, they showed that while judgement of the motion direction of dipoles was influenced by its spatial orientation, judgement of the spatial orientation of dipoles were largely unaffected by its motion direction. Thus, this study demonstrates an asymmetry in the processing of form and motion, and that different computational rules are applied to their extraction. Together, these aforementioned studies cautions against presuming that similar computations/ operations are applied by mechanisms responsible for the analysis of form and motion information, but rather such mechanisms place greater emphasis on, or are more sensitive to, certain visual attributes. At present it is entirely unclear whether shape-from-shading information features in the analysis of motion, and if so whether this operation is analogous to the processing of form information.
Using a similar approach to Khuu et al. (2011) , we sought in the present study to investigate how 3D shape from shading information influences the perception of motion at both the local and global stages of analysis. Global Dot Motion (GDM) stimuli (see Fig. 1 and Supplementary movie 1) were used in the present study to measure the impact of shape-from-shading information on the processing of local and global motion. The GDM stimulus is a brief movie sequence (consisting of a fixed number of frames shown in rapid sequence) displaying a fixed number of dots moving in a common direction, or according to a global rule. For example, radial motion is produced if dots move away from a common focus of expansion, while rotational motion is produced if dots translate along trajectories tangent to radii from this point (e.g., Khuu & Badcock, 2002) . To detect these motion structures the visual system must initially extract the local motion of dots and then integrate them to reveal the global pattern (Smith, Snowden, & Milne, 1994) . Previous neural imaging and single cell studies have shown that the GDM stimulus is very effective in driving cortical areas responsible for global motion integration (e.g., Newsome & Pare, 1988; Rees, Friston, & Koch, 2000; Smith et al., 2006) . The GDM stimulus can be used to obtain a measure of sensitivity to coherent motion, by changing the ratio between dots moving in the pattern direction (signal dots), and those that move in random directions (noise dots), until the global motion can be just detected. Previous studies using this paradigm have shown acute accuracy for humans performing this task, with complex motion detection thresholds at approximately 5-10% signal (Badcock & Khuu, 2001; Edwards & Badcock, 1994; Khuu & Badcock, 2002; Khuu, Li, & Hayes, 2006) . Here, we use GDM stimuli to examine the extent to which shape-from-shading affects coherent motion detection.
We report three experiments. In Experiment 1, we asked whether the visual system is able to detect local motion derived from temporal pairings between dots of different 3D shape. In Experiment 2, we further clarified the importance of 3D shape in the processing of motion by examining two additional dot types: 'bipartite' dots (i.e., half white, half black) and horizontally shaded dots. These dot types have the same contrast polarity as the shaded dots used in Experiment 1, but do not strongly convey depth structure (see Kleffner & Ramachandran, 1992; Ramachandran, 1988a Ramachandran, , 1988b . Accordingly, they provide a natural comparison to the perceptually 3D shaded elements used in Experiment 1. Finally, in Experiment 3, we examined the impact of shape-from-shading on global motion processing by quantifying the impact of additional noise on the detection of coherent motion. Adopting the premise that the perception of coherent motion will be affected only if signal and noise dots are integrated by the same system, we investigated whether a difference in 3D shape-from-shading between signal and additional noise dots affects GDM thresholds. We reasoned that, if the motion system combines moving dots regardless of their 3D shape, additional noise dots would interfere with GDM detection. However, if the motion system individually processes different 3D shapes, thresholds would be unaffected.
2. Experiment 1: The role of shape from shading information on the ability to track local motion trajectories
To detect local motion, the visual system must temporally pair dots as they move from one location to the next. However, previous research has shown that this operation is dependent on the visual characteristics of the dots themselves. For example, Edwards and Badcock (1994) demonstrated that the ability to extract local motion is dependent on the contrast polarity of dots. They reported that a reversal in contrast as dots translate affects the ability of the visual system to detect the motion, with GDM detection thresholds comparatively higher than when the polarity of dots was fixed. These findings are largely in agreement with the notion that, at low levels of visual processing, information from on and off pathways remains separate, but is later combined at the global stage of processing. In Experiment 1, we adopted a similar paradigm to Edwards and Badcock, and examined whether a reversal in the 3D shape of moving dots (achieved by changing the shading direction of the dots) affects the detection of coherent motion. Thus, while Khuu et al. (2011) investigated whether different 3D shapes are spatially paired to detect local orientation, in the present study, we examined whether the visual system is able to extract the local motion by temporally pairing different 3D shaped dots moving across frames.
As mentioned, visual search studies have clearly established that different 3D shapes-from-shading are processed independently (Ramachandran, 1988a (Ramachandran, , 1988b . These findings imply that the visual system will be unable to temporally pair different 3D shaped dots to extract local motion, and uses this information as means of individuating dots. However, because shading information is essentially a form characteristic (that does not directly contribute to the perception of speed or direction of motion), the visual system may ignore this cue (previous research has reported independent analysis of form and motion e.g., see Livingstone & Hubel, 1987) and integrate local motion regardless of the shape of dots. Hence, independent processing of different 3D shapes is not mandatory. While shaded dots are luminance balanced (containing equal amounts of light increment and decrement), they however, provide an effective signal to second-order motion detectors (e.g., see Badcock & Khuu, 2001; Edwards & Badcock, 1995) that are sensitive to the contrast variation, and such non-linear operators may function to extract and combine motion regardless of the 3D shape/shading direction of moving dots. Experiment 1 seeks to verify which of the abovementioned outcomes characterises the input of shape from shading information to the detection of local motion.
Methods

Observers
Four observers (aged between 21 and 34 years) participated in Experiment 1. All were experienced observers and had normal or corrected-to-normal visual acuity. One was the author (SKK) while the others were naïve to the goals of the study.
Stimuli
The stimuli were GDM movie sequences showing 100 circular dots moving within a circular display that had a radius of 10°of visual angle. Dots were prevented from overlapping, and thus the dot density of the stimulus was 0.32 dots/deg 2 . Each dot had a smooth shading profile that transitioned from one side to the other in a sinusoidal fashion along the 0/180°direction, making the axis of shading vertical. Shaded dots were created by windowing a section of sinewave grating (spatial frequency: 1 cpd, Michelson contrast: 0.96), with a circular hard-edged aperture (radius: 0.125°). 'Blackwhite' shaded dots were produced by shifting (by 135°) the phase of the sinewave grating, changing the resulting dot pattern from increment to decrement with the luminance balance point (set at the background luminance of 40 cd/m 2 ) at the centre of the dot. Each dot therefore had an absolute contrast of 43 % and balanced regions of positive and negative polarities. Different perceptually 3D shapes were produced by simply reversing the shading direction such that that a dot with light-dark shading was judged to be convex, while the opposite shading pattern was judged to be 'concave'.
A movie sequence consisted of 10 frames shown in rapid sequence, with each frame shown for 100 ms with no inter-frame interval. Therefore, the duration of the movie sequence was 1000 ms. Mamassian et al. (2003) reported that disambiguation of 3D shape-from-shading occurs within the first 100 ms. We therefore believed that the 3D shape of dots on each frame of our stimulus would be unambiguous. In the first frame, dots were randomly distributed in the stimulus area set to a background luminance. On the second and subsequent frame, dots were displaced at spatial step size of 0.6°, and thus the dot speed was 6°/ s. If dots left the display area they were randomly replotted to a different spatial location. Signal dots moved along trajectories to simulate either rotational or radial motion (see conditions below), while noise dots took a random walk in direction, but at the same speed as signal dots.
Observers viewed the stimulus binocularly in a dark room at a viewing distance of 60 cm. To ensure steady fixation, a black cross was presented in the middle of the stimulus area and observers were instructed to fixate on this mark throughout the duration of a trial. Stimuli were generated using MATLAB version 7 and displayed on a linearised 24-in. Mitsubishi Diamond Pro monitor driven at a frame rate of 100 Hz.
Procedure
A two-alternative forced-choice procedure was used. A trial comprised the presentation of a pair of the GDM stimulus, presented in two intervals separated by an inter-stimulus interval of 500 ms. During the inter-stimulus interval, a blank screen was displayed at the background luminance. In one interval, a pattern containing coherent motion was shown, while in the other pattern dots moved in random directions. Stimulus order was varied randomly across trials. The task of the observer was to judge the interval containing coherent motion. In separate conditions, GDM detection thresholds were measured for both radial and rotational complex motion. A staircase procedure (that corresponded to the 79% correct performance level) was used to modify the percentage of signal dots in the GDM stimulus between trials. The staircase started at a randomly chosen signal level between 50-80% signal, with a step size of eight dots. On the first and subsequent reversal, the step size was halved, but remained at 1 dot until the end of the staircase trial. The staircase lasted for 8 reversals and the average of the last four reversals provided an estimate of the GDM detection threshold.
Using these procedures, GDM thresholds were measured for two experimental conditions. In the first condition, stimuli presented in both intervals comprised equal quantities of convex and concave dots. Their shading pattern remained unchanged throughout the presentation of the stimulus (see Supplementary movie 1 -75% signal). In the second condition, GDM stimuli in both intervals again comprised equal quantities of convex and concave dots, but dots reversed their shading direction (and therefore 3D shape) between frames (see Supplementary movie 2 -75% signal). These experimental conditions were repeated for stimuli in which dots were shaded, but were increment-smoothly transitioning from white to background-or decrement-smoothly transitioning from black to background. The sinewave grating used to create the dots' shading (see above) profile was shifted by 90°to produce increment shading, or shifted by 180°to create decrement shading. Increment and decrement dots therefore had the same absolute contrast (of 43%) as the previously described black-white shaded dots. Since increment and decrement dots do not convey a strong 3D shape, they provide a natural comparison to the perceptually 3D black-white shaded dots. We therefore expect the visual system will be able to detect local motion for increment and decrement dots.
A block comprised 12 staircase runs: GDM thresholds were measured for dots in which 3D shape changed or remained the same across frames, repeated for radial and rotational motion, and for 3 dot types: black-white shaded, increment and decrement. Observers each completed 10 blocks and results were averaged over the 10 thresholds for each condition. The order of stimulus presentation was randomized within and between each block. Observers were given at least three practice trials to familiarise themselves with the task prior to data collection. No feedback was given. Fig. 2 depicts GDM detection thresholds, expressed as the percentage of signal dots required to detect either radial ( Fig. 2A) or rotational (Fig. 2B ) motion for dots in which shading was the same across frames (gray), or changing (black), for the three different dot types (refer to the schematics below each data cluster). Each datum represents thresholds for one observer for each condition. Mean observer data is shown for each condition (dashed lines). Error bars represent one standard error of the mean. Fig. 2 presents a number of interesting findings. First, the pattern of results for radial ( Fig. 2A) and rotational (Fig. 2B ) motion is similar, which indicates that the impact of shape-from-shading on motion perception is the same for different complex motion patterns. Second, for both increment (squares) and decrement (triangles) shaded patterns, conditions in which dots had the same or different shading direction gave similar detection thresholdsapproximately 10-20% signal. This indicates that for these dot types, changing the shading direction across frames did not impact on GDM detection. As mentioned, this is likely because these dot types do not strongly convey 3D shape, and accordingly, the visual system is able to effectively track dots with local motion extraction perhaps mediated by systems independently sensitive to increment or decrement luminance contrast (e.g., Edwards & Badcock, 1994) . Third, while there was no impact of shading direction on motion detection for increment and decrement dots, the processing of black-white shaded dots (which are perceptually 3D) is very different. When the shading direction of dots is unchanged, detection thresholds are approximately 10-20% signal (gray circles) and similar to increment and decrement patterns. This result (according with Kleffner and Ramachandran (1992 , 1988a , 1988b ) indicates that shape-from-shading information provides an effective signal to global motion processing provided that the 3D shape of local moving elements remains unchanged. However, when signal dots change their shading direction (and therefore their 3D shape from concave to convex) across frames (black circles), the ability of observers perceive global motion is impacted, with mean GDM thresholds elevated to approximately 40-50% signal for radial motion and 35-45% for rotational motion. This suggests that, at the local stage of analysis, shape-from-shading information individuated dots, interfering with the temporal pairing required to extract local motion. Note though that coherent motion is still perceptible at very high signal levels. This suggests that local dot segregation based on shading does not completely destroy the perception of coherent motion.
Results and discussion
As mentioned, black-white shaded dots have the capacity to drive second-order mechanisms that are sensitive to variations in contrast/texture. While previous studies have shown that the visual system is able to detect second-order motion (with GDM thresholds of approximately 10-15%, for the same type of stimuli, see Badcock & Khuu, 2001) , such mechanisms cannot account for the increase in threshold (for shaded dots) seen in the present study. If second-order motion detectors were responsible, GDM thresholds would remain unchanged regardless of whether the 3D shape of moving dots was the same or reversed. Such detectors are not selective for shading direction and will therefore be able to track these dots to extract their motion. Instead, we believe our findings can be accounted for by the fact that the visual system segregates local information based on 3D shape-from-shading information (consistent with the observations of previous visual search studies), and that this operation occurs prior to the analysis of motion. Significantly, our results demonstrate that the grouping of motion information can be effectively modified by form information, suggesting an early interaction between the processing of form and motion. This finding is very much in agreement with previous studies that the perception of global motion is dependent on form characteristics such as luminance polarity and colour (see Edwards & Badcock, 1994 .
Experiment 2: The detection of global motion for dots with horizontal shading and 'bipartite' contrast profiles
In Experiment 1, we showed that different 3D shaped dots (implied from the shading direction) are not effectively paired to detect local motion. It might be predicted from this finding that, if this depth cue were removed making dots perceptually twodimensional (2D) (much like the increment and decrement shaded dots used in the previous experiment) the visual system might be able to detect the local motion. In Experiment 2, we investigated this possibility by repeating Experiment 1 with two dot types that have the same contrast polarity as black-white shaded dots, but convey no 3D shape: bipartite dots (see Fig. 1D ), and horizontally shaded dots whose 3D shape is perceptually reduced or ambiguous (see Fig. 1C ) -(see Aks & Enns, 1991; Kleffner & Ramachandran, 1992) . Given our conjecture that 3D shape interferes with the extraction of local motion, we expected that the visual system would be able to detect local motion with these dot types.
Visual search studies have shown that direction of shading is important in conveying depth structure. Elements with vertical shading directions produce stronger percepts of 3D structure (leading to a stronger pop out effect and therefore efficient search) than those with horizontal shading directions (e.g., Adams, Graf, & Ernst, 2004; Champion & Adams, 2007; Kleffner & Ramachandran, 1992; Sun & Perona, 1998 ; compare the 3D percepts shown in Fig. 1A and C). Since the visual system putatively assumes light from above, vertically shaded elements are unambiguously either convex or concave depending on their direction of shading (Adams, 2007) . However, this 'light-from-above prior' implies that the perceived 3D shape of horizontally shaded elements is inherently ambiguous and this shading direction can be interpreted as being either convex or concave in shape. This is reflected in visual search studies which have shown that reaction time to identify horizontally shaded elements is inefficient with reaction times dependent on set size (Kleffner & Ramachandran, 1992) . This perhaps suggests that the visual system integrates horizontally shaded elements regardless of their shading direction. Given this, it is possible that the visual system may be more effective in detecting motion when the shading direction of dots is horizontal rather than vertical, as in Experiment 1. Experiment 2 examines this possibility. Additionally, previous studies have also noted that implied 3D shape can be completely negated if the shading of dots transitions in a step-wise fashion such that the luminance profile of the dot changes abruptly. Such 'bipartite' dots (See Fig. 1D ) are effectively half-white and half-black, and therefore have the same luminance polarity as shaded dots, but are perceptually 2D (Kleffner & Ramachandran, 1992) . Since bipartite dots have no 3D shape, one would predict that the visual system would be able to appropriately detect motion regardless of a change in shading direction. In Experiment 2, therefore also examined sensitivity to GDM with 'bipartite' dots.
Methods
The stimuli and procedures were the same as those used in Experiment 1, except dots were either horizontally shaded or bipartite. Note that the shading direction of bipartite dots was vertical and therefore similar to that used in Experiment 1. As in Experiment 1, GDM thresholds were measured for two conditions in which the shading direction of dots either changed or remained unchanged across frames (e.g., see Supplementary movies 3 and 4 -75% signal). As we found no difference between radial and rotational motion in Experiment 1, we repeated these two conditions with rotational motion only. The observers were the same as those in Experiment 1.
Results and discussion
The results of Experiment 2 are given in Fig. 3 , plotted in a similar manner to Fig. 2 . GDM detection thresholds for stimuli consisting of bipartite dots (squares) and horizontally shaded dots (circles) are plotted in comparison with the results for vertically shaded dots reported in Experiment 1 (triangles). To summarise the results for vertically shaded dots (obtained in Experiment 1), GDM thresholds were higher for dots that changed 3D shape between frames than for those whose 3D shape remained constant. However, for the bipartite dots (squares) of the present study, this outcome was not observed. For bipartite dots, GDM thresholds (gray squares) remained similar to those for which the shading direction was the same across frames (black squares). Thus, changing the shading direction of dots did not impact on the ability to detect coherent motion. Because bipartite dots are perceptually 'flat', the visual system is able to temporally group dots (regardless of their shading direction) to extract local motion.
Changing the 3D shape of horizontally shaded dots (black triangles) impacted on the ability to detect coherent motion, perhaps suggesting that these elements conveyed some 3D information. This change in GDM thresholds was (on average) comparably less than with vertically shaded dots (black circles), though the difference between these conditions was significant (t(6) = 2.619, p < 0.05). Note that this trend is clearly evident in 3 out of the four observers, and for those observers, the comparatively weaker 3D form of horizontally shaded dots allows for greater perceptibility of global motion, suggesting that the visual system is able to temporally pair dots with different horizontal shading directions. However, for one observer (indicated in the figure by Ã), GDM thresholds for this dot type is higher and comparable to vertically shaded dots. This finding indicates that individual differences (perhaps reflecting prior visual experience) exist regarding the perceived ambiguity of horizontally shaded elements.
In summary, when 3D shape is either removed by using stepwise 'bipartite' shading patterns, or reduced by employing horizontally shaded dots, the visual system is able to temporally pair dots, making the global motion visible. These outcomes support the contention that the loss in sensitivity to global motion reported in Experiment 1 with black-white shaded dots occurs because the implied 3D shape acts as a cue to individuate dots, preventing their temporal pairing to extract local motion.
6. Experiment 3: The role of shape from shading information in the perception of global motion Experiment 1 showed that changing the shading direction of moving dots greatly impacted on the visual system's ability to recover local motion. As mentioned in the introduction, in Experiment 3, we investigate whether shape-from-shading information impacts in a similar way on the ability to detect global motion. We evaluate this by gauging the interference of additional noise dots on GDM thresholds. Typically, an increase in GDM thresholds is proportional to the amount of additional noise dots in the stimulus, provided that they are equally integrated by the same mechanism detecting signal dots (Badcock & Khuu, 2001; Edwards & Badcock, 1995; Khuu & Hayes, 2005) . However, a finding that additional noise dots do not interfere with GDM detection instead suggests that the motion conveyed by signal and additional noise dots is processed by separate mechanisms. On the basis of this reasoning, if separate mechanisms exist to analyse different 3D shapes (as implied by their shading direction), we would expect GDM thresholds to be unaffected when signal and additional noise dots differ in 3D shape. However, if a common global mechanism integrates local motion, we would expect additional noise dots to interfere with the detection of coherent motion regardless of their 3D shape. Experiment 3 tested these predictions.
Methods
The stimuli and procedures were similar to those used in Experiment 1, but for an additional 100 noise dots that moved in random directions (at the same speed as signal dots) included in the stimulus. The dot density of the stimulus was 0.64 dots/deg 2 . In this experiment, dots maintained a 3D shape throughout the motion sequence, but in different conditions, additional noise dots had either the same vertical shading direction, or the opposite shading direction, as signal dots. GDM thresholds for detecting rotational motion were measured in these two conditions for three different dot types: black-white shaded, increment, and bipartite dots. These conditions were repeated for signal dots that were shaded dark-light and light-dark. We separately examined the detection of signal concave (i.e., dark-light) and convex (light-dark) dots because previous studies have reported that convex patterns are detected more quickly than concave patterns. Here we question whether this asymmetry manifests as a difference in global motion sensitivity (Ramachandran, 1988a (Ramachandran, , 1988b . GDM thresholds without noise dots were estimated for each dot type to provide a baseline for each condition. Observers were the same as those in the previous experiments. Fig. 4 gives average GDM thresholds for the following conditions: baseline with no additional dots (white bars), signal and additional noise dots with the same shading direction (gray bars), Fig. 3 . GDM detection thresholds plotted for vertically shaded dots (circles), bipartite dots (squares), and for horizontally shaded dots (triangles). Gray symbols denote conditions in which the shading direction of dots remained fixed, while black symbols denote conditions in which the shading direction was changing from frame to frame. Mean data for each condition is given by dashed lines, error bars represent one standard error of the mean. and signal and additional noise dots with opposite shading directions (black bars). Results for signal dots shaded light-dark are plotted in Fig. 4A while results for signal dots shaded dark-light are plotted in Fig. 4B . Data corresponding to each dot type is indicated by schematic illustrations above each set of graphs.
Results and discussion
A number of findings are worthy of note. First, GDM thresholds for black-white, increment shaded and bipartite dots were approximately doubled by the addition of noise dots that had the same shading direction. Thus, adding noise dots of the same shading direction interfered with global motion detection. Where additional noise dots had the opposite shading direction, the same pattern of results was evident for increment and bipartite dots: thresholds were significantly higher than baseline. This was the case regardless of whether dots were light-dark or dark-light.
We believe that this result is apparent because shading pattern for these types of dots does not imply 3D shape. In these cases, then, signal and noise dots are likely processed by a common mechanism. Second, by contrast, the addition of noise dots that are of an opposite shading direction to the perceptually 3D black-white shaded dots (whether light-dark 'convex' or darklight 'concave') does not interfere with GDM thresholds. GDM thresholds for this condition were not different from baseline. This result suggests that shape-from-shading provides an effective cue for the segregation of signal and noise dots. This finding implies that independent mechanisms exist to analyse motion based on 3D shape at the global stage of motion processing. Finally, these data indicate no difference in the detection of global motion between light-dark and dark-light shading patterns. Therefore, the finding from previous studies (e.g., Ramachandran, 1988a Ramachandran, , 1988b that convex shapes are detected faster than concave shapes does not mirror as a difference in GDM thresholds. It may be that the stimuli used in the present study were presented sufficiently long enough (1 s) for convex and concave shapes to be equally detectable (see Khuu et al. in press; Mamassian et al., 2003) .
A number of visual search studies have noted an asymmetry in search performance between convex and concave shapes. While detecting a concave target in a field of convex distracters is efficient, with reaction time remaining relatively constant with set size, searching for a convex target amongst concave distracters is relatively inefficient, with search time increasing with set size (Aks & Enns, 1992; Kleffner & Ramachandran, 1992; Ramachandran, 1988a Ramachandran, , 1988b . This is thought to be because a light from above prior renders a light-dark shaded element unambiguously convex, but a dark-light shaded element can also be perceived as being convex if it is assumed that the light source is coming from below. This finding has direct implications for the detection of motion. For the condition in which signal dots are perceptually convex and additional noise dots are perceptually concave, additional noise dots may interfere with the detection of signal dots because both dot types can theoretically be perceptually convex in shape. However, this was not the case in the present study (see Fig. 4A ). Rather, the perception of global motion conveyed by convex signal dots was unaffected by the addition of concave noise dots. Khuu et al. (2011) argued that the absence of an asymmetry may be because the visual system only ever assumes that one over-head light source illuminates the entire visual scene (Ramachandran, 1988a (Ramachandran, , 1988b . Given this constraint, when viewed together, light-dark and dark-light elements (similar to those used in the present study) must be unambiguously either convex or concave in shape and therefore perceptually distinct.
General discussion
The goal of the present study was to examine the relative contribution of shape-from-shading to the perception of motion. Using a variant of the GDM stimulus, we examined the detectability of complex motion conveyed by different 3D dots where shape was implied by shading direction. Experiment 1 examined how well the visual system can detect the motion of dots that change their 3D shape between frames. Detection thresholds were much worse for this condition, suggesting that, at the local stage of motion analysis, 3D shape-from-shading information is used as a pre-attentive cue from which dots are individuated (on each frame). This early individuation prevents the extraction of local motion (Castiello et al., 2003; Elder et al., 2004; Mamassian et al., 2003; Rensink & Cavanagh, 2004) . In Experiment 2, we confirmed the importance of 3D shape in the identification of local motion, showing that when the 3D cue is removed or reduced (as in bipartite and horizontally shaded dots), local motion is detectable regardless of a change in shading direction. This finding accords well with that of Experiment 1, confirming that it is the 3D shape of dots that provides the basis for the segmentation of motion in this stimulus. Finally, Experiment 3 demonstrated that the addition of noise dots interferes with the detection of global motion only when noise dots have same 3D shape as signal dots. This finding indicates that, at the global stage of analysis, independent processes analyse motion based on 3D shape.
As mentioned, Khuu et al. (2011) reported that shape-fromshading information impacts differently on the perception of local and global form. It is worthwhile comparing those previous findings with those of the present study. First, the influence of shape-from-shading in the processing of local information is similar for both form and motion. For both visual dimensions, shapefrom-shading information prevents the extraction of local motion and form information. Thus, similar operations are used to extract local form and motion information; at this stage of processing, shape-from-shading is used to segregate and identify local information. Second, different 3D shapes are combined for the perception of global form, but not for the perception of global motion, but rather 3D shape is used as means of segregating motion information. Thus, while form and motion processing share a common computation at the local stage of processing, different strategies are applied at the global stage. This is possibly because motion information may provide an additional cue through which different 3D shaped elements are grouped at the global stage of analysis. This operation is particularly useful in aiding the segregation and identifying a moving object (with similar features) from the background. Motion demonstrably aids the segregation and grouping of local features; phenomena such as motion capture, biological motion and structure-from-motion are good examples of this. This is not a cue for static stimuli (like those employed by Khuu et al.) , so different 3D shapes are combined. Our findings, rather than being unexpected, are largely in agreement with previous studies demonstrating that depth cues are important when processing global motion. For example, these findings agree with the work of Hibbard, Bradshaw, and DeBruyn (1999) who showed that global motion perception is unaffected when signal and noise dots are separated by binocular disparity. Similarly, Khuu and Hayes (2005) showed that dots defined by a large difference in binocular disparity, and thus simulated to occupy different depth planes, are not averaged in the perception of global speed. Significantly, a contribution of the present study is that it demonstrates that in addition to binocular disparity, monocular depth cues (especially those that convey 3D shape) are also used by the visual system to segregate information when computing global motion.
As mentioned in the introduction, form and motion system employ different operations when integrating local information defined by different visual attributes. For example, both form and motion systems operate differently when combining local information conveyed by light increment and decrement elements that separately activate on and off channels. Edwards and Badcock (1994) have shown that on and off channels remain separate in the perception of local motion, but combine at the stage at which global motion is computed. However, in contrast, for the detection of static form, information from on-and off-channels remains separate at both the local and global stages of processing (see Badcock et al., 2005) . Different analyses between form and motion systems are also implemented in the treatment of second order information. For example, Badcock and colleagues (Badcock & Khuu, 2001; Cassanello et al., 2011; Edwards & Badcock, 1995) using GDM stimuli, have demonstrated that first and second-order motion information are separately analysed when determining global motion. However, in the perception of global form (as measured using Glass patterns), Badcock et al. (2005) have shown that local second-order orientations are processed separately from first-order light-increment orientations, but not for first-order light-decrement signals. These findings suggest that in the processing of second-order global form performs a rectification, but one in which the gain is higher for decrement than for increment signals. This contrasts with the motion system in which the gain is approximately equal for increment and decrement signals (i.e., full-wave rectification see e.g., Chubb & Sperling, 1989) . Finally, while colour information provides an effective cue for segmentation for the perception of form (Cardinal & Kiper, 2003) , it does not for the perception of motion (e.g., Edwards & Badcock, 1996; Edwards, Coningham, & Rae-Hodgson, 2011) , such that local velocities are combined regardless of the colour of moving elements. The significance of the present study, and Khuu et al. (2011) , is that it contributes to this body of research by showing that motion and form mechanisms also differentially rely on shape from shading information when deriving global patterns. Importantly, these differences in processing informs about the relative importance of different visual attributes in the processing of form and motion.
It is important to note that rapid change in the shading direction of dots produces uniform dynamic flicker (at 10 Hz) in the texture pattern as dots move between frames. It is possible that this temporal dynamic change in the shading direction of dots masks the appearance of dots, leading to elevated GDM thresholds (e.g., Anderson & Burr, 1985) . However, it is unlikely that this accounts for the threshold elevation we observe with black-white shaded dots because the temporal flicker accompanying a change in shading direction is the same for increment, decrement and bipartite dot types. For these dot types (increment dots: black circles, decrement dots: black triangles in Fig. 2 , and bipartite dots: black squares in Fig. 3 ), thresholds are not elevated, but are similar to when 3D shape remain unchanged. We are therefore confident that temporal flickering in our experiment does not interfere with GDM detection, rather the elevation in GDM threshold is due to segregation based on 3D shape. This result accords with previous GDM studies that use dots with dynamic random noise (in which the dot texture pattern is changed between frames) to probe the functioning of second-order detectors (see e.g., Badcock & Khuu, 2001; Edwards & Badcock, 1995) . For such stimuli, dynamic texture does not directly affect GDM detection.
It has been widely documented that the analysis of motion information occurs in distinct cortical areas. Local motion analysis is thought to occur in early cortical areas such as V1 and V2, while global motion analysis occurs in areas further in the visual processing hierarchy, in areas along a more dorsal projection from V1 such as MT and MST (Felleman & Van Essen, 1991; Goodale & Milner, 1992) . Interestingly, these areas have been shown to be neural correlates for the analysis of shape-from-shading. It is therefore possible to speculate about the neural basis of the present findings. Previous research (e.g., Humphrey et al., 1997; Lee et al., 2002; Smith, Kelly, & Lee, 2007) has documented neural activity in early visual cortical areas such as V1 and V2 that is selective to the direction of shading. As mentioned, these areas are also responsible for the computation of local motion. Accordingly, the inability to recover motion from temporal matches between elements of different 3D shape (as shown in Experiment 1) may reflect independent processing by V1 cells tuned to different 3D shapes. While previous research has shown that shape-from-shading information is coded in areas sensitive to global form (Hanazawa & Komatsu, 2001) , the relative importance of area MT to the coding of 3D shape remains largely uninvestigated. Recently, Gerardin, Kourtzi, and Mamassian (2010) reported selective activation in MT to different 3D shapes, which is consistent with the results of Experiment 3. While this connection is not causal, previous research has demonstrated the importance of MT to the perception of 3D shape. For example, MT cells are directly involved in the perception of 3D structurefrom-motion (Buracas & Albright, 1996) and the explicit coding of binocular disparity (DeAngelis & Newsome, 1999) . Corroboration of this evidence highlights the importance of MT to the coding of depth structure, and raises the possibility that perception of depth structure from shading information is represented in MT. Future investigation is required to elucidate this possibility.
